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FOREWORD

This report covers worlk done By the Flight Research Department,
Cornell Aeronautical Laboratory, Buffalo, New Yourk. on Air Force Coniract
No. AF33(038)-12753, ‘P‘x‘oject No. 1364, Task No. 70513, entitled, '"Research
in Non-Linear Mechanics'. The work was administered under the direction

of the Aeronaur.ical Research Laboratory, Wright An' Development Center,

. %ith, Mr, P.P. Cerussi acting as project engineer.

‘ The work was staried by Mr. 1. C. Statler, of the Cornell Aeronautical
Labora.tory. who also performed the theoretical calculations upon which the
dengn of the servo and computer were based. Design and development. of the
servo and computer system were the respons1b111ty of the Instrumentat:on
Section, Flight Research Department, Cornell Aeronautical Laboratory.
Particular credit is due Mr. J. L. Beﬂmam, who acted as Instrumentation
Engineer throughout the project. .

This document, excepting the title, m classified CC')NFIDENTIAL in its
entirety because of the nature of, and poteatxal m111tary apphca.tzon of, the
research work and data described herein. '
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ABSTRACT

g i ‘
/

Air-to-air tracking tcsts were made with a jet fighter airplane in which

 the darnpiiig of the;Dutch roll could be varied in flight. Damping of the Dutch

roll could be made a linear or non-linear function of the sidesglip angle,

'Quantitative results are presented in terms of variations in tracking aim error

" with Dutch roll. damping. The effects ofndn-linea'ﬁr‘da'mping are shown. Pilot

opinion data is included.-

PUBLICATION REVIEW
‘This report has been reviewed and is approved.

FOR THE COMMANDER:

LESLIE B, WILLIAMS
Colonel, USATF
Chief, Aeronautical Research Laboratory

I:ireétorate of Research
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‘INTRODUCTION

Combat gun camera film taken in air-to-air gunnery action shows a marked

yawing oscillation of the airplane as the pilot attempts to track the target.

- Such an oscﬂlation 1ncrea.ses the difficulty of the pilot's job of tracking fhe y
.target, and decreases the chances of hitting the target when the guns are fired.

o This oscillation, known as the Dutch roll, is a familiar charactenstlc of aix-

planes, and is acwmuated by the design features chara.ctenstw of modern
high gpeesd airnlanes. . '

 The lateral dynarruca of an airplane can be improved by moving the con-
trol surfaces, through servos, in a fashion such as to damp the unwanted
Dutch roll motion of the airplane. One method of mcreasmg the damping of
the Dutch roll is to move the rudder proportional to yaw rate. This is the
method employed in a conventional yaw damper. ‘

Making the rudder motion correspond to a function of yaw rate which

varies with sideslip offers some advantages over a linear proportionality be-
tween rudder motion and yaw rate. Investigation of the merits of such a device

is the purpose of the work reported here.

ADVANTAGE OF A NON-LINZAR YAW DAMPER

In a linear system a fundamental conflict in requirements":exists‘. If the
damping is made high, the airplane does not oscillate after a disturbance,
but it is sluggish in returning to the original undisturbed position. On the
'other hand, light damping allows the airplane to return rapidly to neutral
from disturbance but allows the airplane to oscillate around neutral in the
familiar Dutch roll.

Pilots presumably like an airplane to return promptly to neutral after a
disturbance, without any oscillation. This type of motion cannct be obtained
by a linear yaw dampeiﬁi syst.m whereby the damping of the motion is increased
and not the frequency. It can be obtained by a non-linear system in which the

rudder motion tending to damp the airplane motion is made small while the

[
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airplane is away from the neutral position after a disturbance, but becomes
large when the airplane a.pproaches the neutrhl position. The airplane,
therefore, returns rapidly toward neutral, due to the light damping away
from neutral, but does not overshoot because:the dathping becomes heavy
ardun‘d neutral.

Linear systems are usually employed whe;re possible because not only
are such control systems simpl‘er, but also the mathematical methods used

in analyzing and predicting their behavior are very

(o4

nuch simipler ihan for
non-linear systems. However, the calculations.of the‘Proper‘\{:%es of a non-
linear system has become practical with the av§:i1ability of modern compuia-
tional equipment. The application cf a non-linear device should be considered,
despite equipment and mathematical complicationis, if it can be shown that the
non-linear device will provide the desired response characteristics where a

linear device will not. i

EXPER!ENCE WITH FUU - EXTENSION OF FUY TESTS TO F~-86

Flight tests of a non-linear yaw damper installed in an F4U-5 airplane
were conducted by Cornell Aeronautical Laboratory for the Aeronautical Re-
search Laboratory of Wright Air Development Cente:r., These tests are des-
cribed in Reference 1. , |

The consensus of the piiots who participated in ‘fhase teats was that the
éirplane could be made into a better gun platform with the non-linear yaw
damper than with the linear yaw damper, and that each of them was better
than the normal a.irpla.né with no yaw damper.

The non-linear yaw damper, then, appeuared to offer a means for improv-
ing the lateral dynamics of an airplane beyond what was practiéal by aero-
dynamic means alone {(normal airplane) or by a linear yaw damper.

The Aeronautical Research Laboratory, Wright Air Development Center,
contracted with Cornell Aeronautical Laboratory to extend the tvsis to an
airplane representative of current design trends, and an F-86E was chosen
as a suitable tesi airpiane. In addition, it was planned to modify the system
used to produce the non-lineaxr damping in order tb eliminate some undesirable

aspects of the system whirh were observed during ithe tests reported in Refer-

2
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" platform for the various damping configurations.
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ence 1.

"The tests were to be arranged to provide a quantitative measure of the

tracking ability of the airplane with various amounts of linear and non-linear

' damping, as well as pilot opinions on the suitability of the airplane as a gun

5
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DESIGN OF YAW DAMPER SYSTEM

Requirements of Yaw Damper Sysiem

Experxence gaired in conducting the tests of the non-linear ya damper
1nsta14\rd in the F4U airplane dictated several of the basic requirements for
e 'de.eign of a similar system for the F-86 airplane. The F4U tests had
shown, that pilots liked a relatively high damping of the 1atera1 diractional
oscillation of {lic airplane and in fact liked the motion to be dea.dbeat pro-
m;‘.‘*.«fil the airplane still responded promptly to rudder pedal forces applied

bfr the pilot, The particular form of yaw damper in'qtalled in the test F4U

<'

utilized an auxiliary rudder to provide the variable damping. Aerodynamlc
interference between the auxiliary and main rudders produced peculiar rv "1-
der pedal force feel characteristics., These force characteristics were
somewhat distracting and annoying to the pilots, and it was considered worth-
while going to considerable effort, if necessary, to produce a system which
did not alter vsigniﬁcantly the ncrmal‘airplane‘s control force feel.

Anaiog computations (see Appendix) indicated that the yawing moment
due to aileron deflection would become ijectiona’ble under some circum-
stances, and some scheme for correcting for this ya‘wing moment was to be
incorporated in the design of the non-linear yaw damper system.

To summarize, the requirements for the non-linear yaw damper were
as follows:

1

i1, The type of non-~linearity used in the experiinents with the ¥4U |
(Reference 1) was satisfactory, and could be carried over to the
newer airplane.

2. Sufficient damping must be provided to make the Dutch roll oscillation

deadbeat over the operating speed and altitude range of the airplane,

3. Operation of the yaw damper must not spoil other aspects of the
handling quallties of the airplane.

4. The control forces must be natural, and as ciose to the {zel of the

4
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normial airplane as possible.

* Means must be prow.ded to counteract the yawing moment due to ail-

eron deflection.

C

The pilot must be able to trim the rudder if the system d?es not .
allow use of the normal ship's rudder trm? o

.. It must be possihle to vary the damper sattmg in fhght to allow

convenient, compa.nson,durmg a given flight,of the behav:.or of i.he

_airplane w1th linear and non-linear damping of various amounts.
P piiig

Thn equipment must be simple to operate, to allow the p;lot to
concentrate on tracking the ta gef wzth 2 roinimmun o. attennon to -

. the yaw ‘damper system

The system should be detugned to "fail safe"

-Description of Yaw "I')umper_‘

The'yaw daxﬁper system divides naturally into two parts, the sensing

and computing part and the servo and rudder feel pa.rt, which will be des-
cribed f1rst

TRIM TAB SYSTEM

With the above requirements in mind, a system was evolved in which -

the yaw damper servo was made to drive the rudder tab, which in turn drove
the rudder to produce the required damping of the Dutch roll,, The pllot‘
rudder pedals were to remain connected to the rudder, allowing him to super-

impose his command rudder motion upon the rudder motion called for by the

‘yaw damper. When the yaw damper moved the rudder, the pilot would be

able to feel the raction in his pedals. This characteristic was considered

acceptable since the amount of rudder motion required was expected to be

small, and since pilots usually are not as concerned with control motion as
they are with control force.

The servo actuator was to be installed inside the rudder in the space

WADC-TR-~55-223
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normally occupied by the ship’s rudder trim tab actuator. A system of this

nature was designed, built, and installed. It was able to p‘roducg‘a practically

‘ deadbeat damping of the Dutch roll, However, the add,itioxial weight of the

servo, the larger trim tab which was required and the associated mass bal-
ances increased the mass and moment of inertia of the rudder to the point
where vibration troubles were encountered. During the shakedown flight
tests, the rudder broke 6if in Jlight. The failure waa not due to the operation
of the yaw da.mper or the servo, since the s ystem wag turned oii and the
airplane was being flown by manual contrcal at the timie, The“trouble 6ccurred
because the ingtallation of the servo mside the rudder changed the dynamic
characteristiss of the rudder for the worse. ‘ J

RUDDER SYSTEM

i

diréi;tly. The rug’lder was then operated by an irreversible power control and
some form of artificial rudder feel was necessary. Rudder feel was provided
by a spring, and the sensitivity of the rudder to rudder pedal force was made
inversely proportional tc dynamic pressure to simulate ihe normal airplane.
When the yaw damper was diaengaged the rudder was connected directly to
the rudder pedals, and the rudder control system was essentially in its nor-
mal configuration. The schematic dlagram of Figure 1 shows the way in

”which the yaw damger servo was connected to the rudder, and the engaging
‘me_chanism. “The development of the servo is described in Reference 2.

A pair of quadrants were inserted in the rudder cable ayétem. The servo
and rudder were connected to one of the quadrants. The rudder pedals were
connected to the other. A hydraulic actuator (the ''shifting actuator') opera-
ted a splined shaft to connect the two quadrants together, or disconnect them
as required. F:.gure la shows the rudder control sysiem connected for
manual operation of the rudder. The shifting actuator was spring loaded to
hold the spline shaft in a poaxtxon which connected the two quadrants together.
The pilot then had a solid connection from the pedal to the rudder, The servo

had its by-pass valve open to allow oil to circulate freely from one side of

6
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The yaw damper system was redesigned to use the standar’d F-86 rudder,
~ without alterations, The yaw damper servo was arranged to drive the rudder

[ \
g

0 - 2
r—y

1. .
[

T

Veg, wmewlE L L

e

AlveEeres




- were disconnected from each other.
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the piston to the other as the quadrant, and heance the servo piston, was moved
'The rudder pedal forces felt by the pilot consisted of the normal
rudder pedal forces plus the friction in the quadrant bearings and servo pacla-

ings, forces due to the inertia of the quadrant and servo p1ston; and the form,

~ required to circulate the oil from one side of the servo piston to the other. '

These forces were all small compared to the normal rudder, forces, a.nd the
pilots conaudered that, as far as they could tell, they were opera,tmg a norma.l
airplane. - -

- Figure 1b shows the system cnnnected to operate the rudder by the servo.

" Hydrauhc pressure was supplied to the shifting actuaior, overcommg the
. spring holding it in the "manual’ operation" pos1tmn, a.nd moving the splmed

shaft to the "servo operation' position. . In this position, the two guadrants
The quadrant with the servo fastened -
to it remained connected to the rudder. At the same time, the servo by-pass

valve was cld‘lped, allowing the servo to control the rudder. The quadrant

. connected to the rudder p'edals was engaged by the splined shaft to a spring

which provided the rudder pedal force feel. An electrical pickup was also
connected to this quadra.nt to produce an electrical s1gna1 proportional to dis-

placement of the ruddsy xorce spring, The excitation of this electrical pickup

. was made inversely proportional to dynarmc pressure, making thé output of

the pickup proporticnal to:
‘ o S rudder pedal force

- dynamic pressure

This electrical signal was used to drive the rudder ser‘}o, s0 the rudder

"displacement was also proportional to this vquantity‘. This behavior approxi-
mated the behavior of the normal airplane rudder in which the rudder dis-

The differ-

ence was that the pedals moved just as far for a g1ven pedal force at high

placement is also proportional to pedal force/dynamic pressure.

axrspeeds as at low, whereas the pedal travel for a given pedal force in the
normal axrplane decreases as the speed, and hence the dynamic pressure,

increases. It was felt that this systenﬁ produced a satisfactory simulation of
the force feel characteristics of the normal airplane because it was believed

that pilots flew more by conirol forces than control positions, and the pedal

WADC-TR-55-223 CONFIDENTIAL
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travel was small on the F-86 airplane under any circumstances. The pilot's
felt th{xt the rudder feel was very nearly the éame_whether flown by mé.nuai
or servo control. , ) ' :
When the airplane was flown manually, all hydraulic pressure to the servo |
systems was shut off. The actuator which moved the splined shaft and oper-
ated the servo by-pass valve was spring loaded in the manual operation posi- -
tion. Hydraulic pressure was required to shift from manual to serv . opéré-
' tion. Loss of hydraulic pressure would, therefore, result in the system , i
‘returning aufbmatically to the manual operation configuration. Fuarthermore,
the servo was designed to be unable to exert a force on the rudder greater
~ than that corresponding to 300 1b of rudder pedal force.
| In view of the loss of the rudder while flying with the trim tab actuatz
system installed, a fair?.%r complefe vibration survey was made of the redesigned
system to make sure that the inatallation was safe. ..The vibration tests were
made in consultation with the Aeromechanics Department, Cornell Aéronautical
~ Laboratory, and the Dynarﬁics Branch, Aircraft Laboratory, Wright Air |
Develépment Center. The results of the vibration tésts, which indicated that
the rudder and servo installations should be free from flutter troubles, were
reported in Reference 3. The shakedown flights were arranged to allow in-
creases in dynamic pressure and Mach number to be made in small increments,
with iiszpectibn of flight décillograph records between increments. No vibra-
~ tion troubles or seryo instability problems were encountered in flight over the
.range of flight conditions covered, which included Mach numbers to .95 and
altitudes from 5, 000 to 32, 000 feet, " |

SENSING AND COMPUTING ELEMENTS

1
H

Selection of the sensing elements to supply the signals for the yaw damper
- and design of the computing circuits was determined by the resuits of the ana-
log counputations described in the Appendix. The primary sensing element
was a Doelcam Model K rate gyro, arranged to sense yaw rate.

A block diagram of the ya&v damper system is shown in Figure 2.

The yaw rate signal was made non-linear by multiplying it by a function

of lateral acceleration and dynamic pressure (approxirnately sideslip). The
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function is shown graphically in Figure 3. The signal was further modifiéd
by functions of Mach number and dynamic pressure to produce a net signal
. which woiuld move the rudder to produce constant da.mpmg of the Dutch roll
regardleas of altJtude and sPeed These functions were determined by the
"effect of dynamic pressure on ‘the motion of the a1rp1ane_and by the effect of
- Mach number on the stability derivatives and a._ré shown in Figures 4 and 5.
In addition, signals proportional to rudder pedal forces applied by the pilot
' were included in the net signal to the rudder, to aliow the pilot to transmit.
his command signals to the rudder. The computer included provisions for
?rejectmg the steady state yaw rate signals which would occur in a steady turn
so the pilot would not have to produce command s1gnals large enough to over-
'power the steady state yaw rate signale when he wanted to turn..
The net mgnal to the servo could be expressed in words as:
Rudder = Sensitivity x [yaw rate x [non-linearity] x [corrections
for Mach r’minbef and dyna‘mvicApressure:] x r_'filte‘ring to
rejé‘gt signals due to steady state turng] + pilot's rudder
pedal‘ forces x [Lorrection for dynamic pressure] +
sensxtiv:ty of aileron cdordination system x @ﬂeron
mot:lon 7 . ‘}

In more conventmnal 9ymbols, this may be expressed as:
wﬂ[F (/7 m)]//“ ///) Els ij (z)]+ [f (g)]+ K, [J

The significance of the knobs by which the pilot selected linear or non-
linear operation could be altered from flight to flight to minimize the
chaixces' of the pilot's opinions being colored by previous experience with a
particular knob setting. - g '
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PERFORMANCE OF THE YAW DAMPER

Successiql operation of the yaw damper demands that the servo be capable
of moving the rudder essentially as called for by ﬁze yaw damper coinputer
As discus sed in the Appendu:. an investigation was made to determme how the
dynamxc characterutxcs of the servo affected the motmn of the airp;ane. A
of about 10 cps and 70% cr1t1ca1 da.mpmg waa found»'to be faet enough for the
““rpo“. The servo dynamics of any servo apprecmbly slower than this affect-
ed the motion of the auplane to an extent which was not acceptable. This - '
waa eepecxally true of non-lmear operatwn, where more rapid control surface
motions were: requn'ed

Fxgure 6 compures the dynamxc performance of the servo controlled rud-
der with the requirements just set forth. The frequency response of the servo
contrclled rudder,- mcludmg the effects of air loading, was synthesized from
measured servo charactenstxcs. calculated control cable spring and rudder
inertia characteristlcs, and calculated air load effects. The amphtude ratio

of the servo system drops off a little more rapidly than that for the second~

‘order system, but the phase lag behaves approximé.teiy as required. The

servo system, as installed, was a fifth-order ‘eystem, and caution must be

used in applying familiar secom}i-orde_r system criteria in discussing the be-

havior of the servo, o

‘ The pilots reported that the servo-controlled rudder system felt very
gimilar to the normal rudder control, implying that the servo performance
was good enough to move the rudder in response to rudder pedal forces applied
by the pilot in all the maneuvers tried, including small corrections in tracking
where the servo performance might be expected to be most critical.

The ability of the yaw damper to increase the damping of the Dutch roll is

shown in Figures 7 and 8. The motion could be made practicelly deadhest,
or 100% critically damped. The tap switches in the cockpit enabled the pilot

to select the damping in increments of 30%, 70% and 100% critical damping

10
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as well as normal a1rp1ane (appro:amately 10% cruxcali\dampmg\ at 25, 000 feet
and 0.7 Mach !mmber). The difference between linear and non-linear oper-
aﬁon of the yaw damper is easily seen in Figure 8. The pilot was able to
select the amount of non-linearity, ‘but in practice the runs were made with
either a linearsystem or one with the degree of non-lmeanty shown in F1gr.ue
8 and as spec1f1cally defmed in Fxgure 3. .

11
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:l‘liree distinct classes of data were to be recorded to provide the data
use‘dj in evaluating the non-‘linear yaw damper. These were: ‘ ;
:-1, Aim error, recorded by a gun camera vxewmg ‘both the target and
: the gunsight reticle.

i
i

Airplanc motion, recorded on an oacﬂlograph

3. Pilot's comments, transmitted by radio to the ground and recorded
on a wire recorder ’

GUN CAME RA

A sta.nda.rd GSAP camera w:{a arranged to prov1de pxcture of both the
réticle and the target. At the time the mstqllatxon was made, there was no
standard method fof accomplishing this and the installation, shown in Figure
9, was deviaed‘e,spec‘ially for this airplane. Figure 10 shows a typical pic-
ture made with this installation. -The film magazines could be changed in

flight. Th'e pilot operated the camera by the trigger switch on the control
stick. ‘ ‘ ‘

0SCILLOGRAPH

An oscillograph and its associate'd sensing elements and circuitry were
installed to obta.m time histories of both airplane and control surface motions.
Although not directly essential to the evaluation of the non-linear yaw damper,
the oscillograph was installed for two reasons:

' 1. Oscillographic rccords of the behavior of the servo syatem were

4 expected to be mvaluahle for trouble shooting and settmg sensitivities
j during the development of the system, :
i2. Although, 'a considerable amount of gun camera film was available
b from various souréea, there was & dearth of information on the motion

~ of the airplane and the controls during the tracking maneuver. This

project presented an opportunity to secure auch data at a relatively

12
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" to the prOJec.t | .
The inatallation of the' ‘osciliograph, a Consohdated Model 5- 1133 a.nd its
related recording circuits was essentially stralghtforward. The quantities
" recorded were: ' ‘

roll angle B

roll rate )
[ ‘ rudder pedal force o | o
= ' "rudder position -
! N ? : ‘servo strut position

. lateral acceleration

i mmr Fdpee

yaw rate gyro exdutatlon

S

v ya.w rate mu1t1p11ed by gyro exc1ta.t1on

2, 2 &
SRzt

i ynam1c pressure '

© time N . » ‘

' ‘voltage of a circuit which determined some of the recording sensing
element sensitivities . :

" gun camera shutter operation
! -
PILOT'S COMMENTS

The pxlot‘s comments on the behavmr of tho an'plane and its sultabxhty
as 'a gun platform were considered an essential part of the data obtained in
the flight tests The pilot transmitted ‘his comments to the ground by radio,
where they were recorded by a wire recorder. The comments were later

“transcribed verba.tlm, and kept as a permanent record. Comments were

made during and immediately after each test run, while the impressions
were still vivid. v

i . ,‘ i3
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- CONDUCT GF FLIGHT TESTS

The flight testa ld‘ividefdv'natur‘ally into three groups:

1. Shakedown flights, to demonstrate the struétural integrity of the
modifications made to the airpl‘ané's rudder controls, and to duwelop :
the y".?,w“damper éystem to the point where it ope rated cliably and
with the proper sensitivities. y ‘

2. 'Evalua.twn ﬂ1ghts by GAl: pilots, to develop the techmque to be used

' ‘by the Air Force pxlotg in their evaluation flights. The data reduction
methods to be used w&.re developed at- thm time. ‘ ’

3. Lvaluatmn fhghts by Air Force p1lots

5 S1xty-four fhghts, totaimg 55 hours, were made in the course of the pro-

gram: Ten of these flights were evaluation flights by Air Force pilots, eight -

were-evaluation flights by C.A.L. pilots, and the rest were shakedown flights
largely devoted to proving the structural integrity of the modifications to the

rudder control system. Twelve of the shakedown flights were made with the

- trim-tab-controlledrudder which was developed early in the program and then

abandoned

SHAKEDOIIN FLIGHTS

The shakedown flights involving the trim-tab-controlled yaw damper will
not be commented on here, since that system was abandoned after rudder
vibration was enuountered

Several fhgh'ts were made in which both sldeahp and lateral acceleration
were measured, to determine whether lateral acceleration could be used in
1iéu of sideslip to control the non-linearity of the yaw damper. If these two
quantities were substantié,lly equivalent, external booms carrying sidealip
vanes would not be required: Figure 11 is a plot of the results of one of

these flights and indicates that sideslip calculated from measured values of

- lateral acceleration and dynamic pressure agreed quite well with measured

sideslip. The agreement was improved somewhat by including the effect of

14
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lateral acceleration due to rudder deflection in the calt:ulated expression, but
the uncorrected values are shown in Figure 12 because it was planned to supply
the yaw damper computer with the uncorrected values,

Shakedown flights on the system in which the yaw damper controlled the

‘rudder directly were made ¢c demonstrate that the modified rudder control

., system was free from vibration and that the complete yaw damper and servo

system bad no ingtability troubles. Increases in Mach number and dynamxc

- pressure were made in small increments, =nd the ﬂtsm records of the. behav-

" jox of the alrplane and the control system were stuched carefully between fhghta _ b

The yaw damper was operated only at flight cond:tmns which had been inves-

tigated with the servo (but not the yaw da.mper) on, and the servo was opera-

ted only at flight conditions which had been checked prev ioualy under manual -
contiol. THe p1lot was provided with a rudder vibration warning meter which .

‘was operated by an angular accelerometer on the rudder. The meter was’ R

designed to nrov;de the pilot with a wa.rnmg of vibration a.mplttudes too small
for him to ieel in the airplane. In a.ddltxon, the oscxllograph recorded the
outp.it of a vxbratmn pickup installed in the top of the fin.

The airplane and the yaw damper installation were shown to be safe over
the anticipated operating range of Mach number and altitude, namely 5, 000 - ’
32, 000 feet and . 3-.95 Mach number. | "

The sena1t1v1ty of the yaw damper was set to give a.bout 100% cr1t1ca1
da.mpmg of the Dutch roll at the maximum damper gain setting available to the
pilot.  The response to rudder kicks with various )}"aw damper settings is shown
in Figures 7 and 8. Records similar to these were obtained ai waricus dynamic
preésures and Mach numbers. The damping of the Dutch roll was found to be
constant for a giiren setting of the pilot's damping gain control, regardiess of
dynamic pressure and Mach number, indicating that the yaw damper computer
was correcting properly for these two variables.

It will be recalled that the non-linear feature of thls yaw damper was
applied by making the yaw darnpe,r sensitivity become smaller as the gideslip
angle increased. However, tflxe yav) damper sensitivity was left high for a
small sideslip angle range around zero. The shape of the curve of variations

of yaw damper sensitivity with su’leshp is shown in Figure 3. The width of the
15 - .
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- plateau at the top of the curve determined how gre.it the sideslip angle had to be
before the yaw damper sensitivity started decreasing. The width of the plateau - b
. could be varied in flight from infinitely wide (no yai‘iation in yaw damper sensi-
tivity, i.e., a linear yaw' damper) to some value, determined experimentally,
which provided optimum response of the airplarie. In practice it was found that :
the variatione in sideslip produced by the pilots in the tracking maneuver and in ( I : 8
normal flight were so small that the yaw damper never became ncn-linear unless
~ ithe plateau width was made very ama.ll approximately 0,5 deg.

The messured Dutch roll response of the airplane, shown in Figures 7 and ‘\

‘8, was obtained with the plateau width, or degree of non-hnear:ty. wh1ch was !
used in the evaluation tests. At this settmg, the yaw damper operatton bescame \
‘non- linea.r at irregular intervals durmg most of the trackmg runs whenever t
. the pilot exceeded 0.5 deg sideslip. v |
4

The feature of the servo system which moved the rudder to correct for

yaw due to aileron deflection was experimented with during the shakedown o

flights. * The evidence as to the usefulness of this correction was not conclu- i

~ sive. While a small amount of this correction was tried in the tracking flights N ‘ \
made by the C.A. L. pilots, it was not used at all in the evaluation flights made

by the Air Force pilots. V ' i

EVALUATION FLIGHTS

GUANTITATIVE DATA 4 ” o

One of the requirements of the evaluation flights was that the results
should provide some quantitative measure of the tracking performance of the
airplane with.various settings of the yaw damper to supplement the opinions ’
of the pilots on the subject. The tests were concerned only with air-to-air
gunnery. A target airplane was used to provide the test airplane with a real-
‘istic moving target. A repeatable maneuver was required to allow compari- :
gson of the results of the various runs. ' ‘ i

[V

The maneuver chosen was considered representative of a typical gunnery
situation and was essentially the same maneuver used by the USAF and the

R

!
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NACA in invest:.ga,tmns of air-to-air tra.ckmg problems. The maneuvekr

started in a stern chase in straight and levé*l flight, with a range of about

2,000 feet. At some time after about fiftee.n geconds from the commencement
of the run, the target airplane started a turn and held the turn for about fif-

teen to twe‘r‘lty seconds. The target airplane’s acceleration was held constant

atabout 2{g in the turn. The airspeed was also held constant, which required f

a slight dive during the turn. A maneuver of this type provides samples of
tracking in straight and level flight, steady turns, and during the transient
which occurs during the entry and recovery to the turns. There was soine ..
element of surprise in the maneuver since the tracking pilot did not know .
exactly when the target pilot would enter or recover from the turn, nor did he
know which direction the target pilot would choose for the turn. o .

The target airplane used for all of the shakedown and most of the data i
flights was an ¥-80C. An F-86A was used for the last three tracking flights,
because the F-80C was not available. The tracking runs using the F-80C as
a target airplane were done at a Mach number of about . 7. When the P-854
was used aé a target,the runs were made ét a Mach number of .7 to . 715, to
keep the flight conditions comparable to the tests with the F-80C target.

Most of the tests were conducted at an altitude of 25, 000 feet. Some test
runs were made at 3,500 feet in rough air, and some were made at 10, 000 and
12, 000 feet because of weather limitations. The high altitude ruhs were made
in smoeth au', wh11e rough air was encountered at the lower altitudes. Occa-
sionally the palot reported encountering the jet wash of the target airplane or buf-
fetmg due to approaching the stall in the turn. Comments of this nature are
included in the resumé of the test runs. o

Each Air Force pilot made four quanntatwe data flights. Each flight
consmted of ten data runs, and gince five configurations were evaluated, this
program prov1ded eight runs per pilot for each configuration. The configura-
tmns which were flown were: ‘ :

i. Normal airplane ;

2. 30% damping of the Dutch roll, linear operation
70% damping of the Dutch roll, linear operation

[0

4. 70% damping of the Dutch roll, nen-lincar operation
17
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5. 100% damping of the Dutch roll, non-linear operation

The shakedown flights had shown that linear operations with 100% critical
damping made the airplane too sluggish in its rcspense to be acceptable, while
the difference between linear and non-linear operation at 30% critical damping
was not large enough to be perceptible.

The piiota used the center of the target airplane'a tail pipe as tireir aiming
point. The gunsight was used in the caged position ‘to avoid co;‘riplicating the
problem at this stage with the gunsight;, dynamics. The pilote were instructed
to keep the gunaight pipper on the target rather than to lead the target as they
would have to do in actual gunnery with a fixed sight.

it is difficult, in tests such as these, to aveid having the pllot's opinion of

the effectiveness of the device being tested influenced by his knowledge of what

the device was supposed to do.( To relieve the pilot of the burden of consciously
having to ignore this inﬂuence, the control panel of the yaw damper was arrang-
ed to allow the ground personnel to alter the meaning of the knob settings con-
trolling the non-linearity. The pilot was therefore not troubled by a feeling
that could be expressed as: 4

"I turned the knob up one more notch, so the effect must be stronger.

I can't see any difference but there must be some, so I'll rate it like

the last one but more so. "

Instead, the piloi rated each configuration as it appeared to him without
being affected by the knob settings.

The pilots were aware of the fact that the meaning of the knob settings could
and would be varied from {light to flight.

At one knob setting, not 'zero'!, the complete servo system was digengaged
and the pilot was flying the normal airplane through his normal rudder pedal l
system, aithough the control panel pilot lights and the position of the awitches
indicated that the airplane was being flown through the servo, Thus the normal
airplane was evaluated in three ways:

1. With the pilot flying it manually and aware that he was flying the normal

airplane

2. With the pilot flying it manually but ‘believing he;was flying it by the servo

With the pilot flying'it by the servo but with the yaw daraper not opera-

18
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.tive, i.e., simulated normal airplane.
This chicahery was designed to detect whether the pilots had any bias
either for or against flying the airi)lane through the servo because such a::&bias
would affect the rating of the damped airplane compared to the normal aixﬁPléne.
The pilots were not informed-of the significance of that’ part:.cular knob sel‘.ting

until after the ﬂight program was completed.
o L
QUALITATIVE DATA ' - ; ; £

In addition 1‘1’0 the tracking flights, each pilot made a flight devoted to
obtaining a qualitative assessment of the handling qualities of the test airplane
with various yaw damper settings. The pilot's flight cards contained a number »
of questions designed to help him form his opinions of the airplane. The object
of this flight Was twofold: first, to ascertain whether operation of the yaw damp-
‘er had altered some of the a:rplane 8 handling qua11t1es for beiter or worse in
maneuvers other than trackmg. ‘and second, to obtain the pilot's opinions of the
suitability of the airplane as a gun platform, to compare with the numerical
results of the tracking flights. In addition, during the tracking runs the pilots

. commented on the tracking performance of the airplane as it appeared to them

at the time. = Pilot's comments were transmitted to the C. A. L. ground radic sta-

tion where they were recorded,

‘PILOTS | &
 The pilots who flew the test airplane were experienced fighter pilots with
considerable guhnery experience, in both practice and combat. Table I sum-

marizes the»e:éperience,of\ the pilots. Pilot A, the C A, L. pilot, flew ihe au'-
plane during the C, A, L. evaluation flights and some of the shakedown fhghts.
Another C.A. L. pilot made most of the shakedown flights but did not participate

in the evaluation flying.

19
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TREATMENT OF THE DATA

i3}

The gun camera film was read to determine the V‘aim errors in pitch and in
yaw. Méan and root mean square values of the aim error were determined for
each run, The roct meana'quare values are the values about the mean. The
root mean square of the airn error was assumed to be a significant measure of
the ability of the p110t to hold the airplane on the target

The gun camera ran at a speed of 16 frames per second, while the Dutch

" roll of the airplane has a period of 1.5 to 2 seconds Data was thus taken 32
" times per cycle of the motion. 'I( 'he motici could be described adequately with

n

The film was read on a rea.ding device e“quzpped to record the data directly
on IBM punch car’ds." The wing spar. of the target airplane was read at the
beginning and end of each run to o provide a siaiiametricaily determined value of
range. ' | .

The data was processed on an IBM machine to compute mean and root mean
sqxiare values of the pitch and yaw aim errors for the straight and level and
turning portions of é'ach run. The results are tabulated in Tables II, III, and

Iv.

DISTRIBUTION OF AN ERRORS

Fourteen runs from two flights‘by pilot A were anal‘y‘zed to determine
whether the aim error during each run showed a normal distribution. These
runs ccvered all the values of damping which were investigated and included
linear and non-linear operation of the yaw damper. The data from only the o
turning portion of the tracking manecuver was included in these plots. The turn-
ing portion included the transient which occurs on entering the turn. The data
from the straight flight portion of the maneuver will be discussed later.

The time histories of these runs were obtained from the IBM data, and the

percent of the errors which were less than a certain value of error were tabu-

~ lated as a furction of the error, This information was then plottad on "proba-

20
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'\ bili;y" paper to determine whether the aim errors had a statistically normal

diatri‘bution The scales on probability paper ére‘kdeuigzrled to make data plot

in a stra1ght line if the data has a normal distribution. The advantage of using \

this paper is umply that the familiar bell shaped dzsxrlbuuon curve is convert-

ed to a stra.xght line which makes 1t easier to determme the normality of the

distribution of the data. . - . ' -
Figure 12 shows the data from Flight 45 by pzlot A. Two runs were made

at each of five conﬁguratmns. The two corresponding runs were treated as one

set of data for the purpose of this part of the analysia. A similar analysis was

‘made for each mdiv:dual run of the fourteen Tuns conezdered and the results

were similar to those for the runs. whlch were combined, F1gure 12 is a work-

ing plot, and the absczssa is actually 'I'elereaaer machine units ra*her than mils.

'Furthe more, the mean errors were not remtwed from the data since the nor- .

mahty of the data could be determined without performing this additional step.
Different mean errors for difierent runs weul.. merely shift the position of the
curves. The data plotted as a straight line (¥igure 12) indicating a normal
distribution of tracking aim errors. The fact that the data showed a normal dis-

tribution meant that the rms error was in fact a significant quantity for compar-

ing results from run to run. Had the distribution not been normal, some addition-
al quantities which describe the distribution of the data would be required to prop-

erly cornpare the results from run to run.
The slope of the lines in Figure 12 is inversely proportional to the root
mean square of the aim error of the run, It will be seen from Figure 12 that

the normal airplane spenf more of its time at large aim errors than did the

. airplane with added damping. However, the data plotted in Figure 12 includes

runs at different ranges. Range is later shown to affect the rms of the errors.
This makes Figurc 12 an unsatisfactorf plot with which to compare errors from

run to run. .o - . '

DATA ANALYSIS

The data wae plotted in several different ways, to 111ustrate the effect of
several variables in the tracking problem. Fj,gures 13, 14 and 15 show the
cffact of time, or more properly, learning, on the pilot's ability to track.
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The runs made"by each pilot were arrajged in sequence along the abscissa,
with the rms axm error in the turn portion of each individual run plotted verti-
cally above the correspondmg run number. No data was available for some
‘runs, such as those for which the camera jammed. Such runs were included
in Figures 14, 15 and 16 because ’they prov}ded,, é;iperience for the pilots just

as much as the runs in which data was obtained. The dates on which the flights

..were made are shown to illustrate the variation in the test program for the

 three pilots. Figures 16, 17-and 18 show the rms error for the rame runs
plotteriagainst range, Wshe'jx the tracking airplane closed on the target airplane
during the run, the range used was the average of the range at the begmmng
and end of the run. Inspection 'of these six figures indicates that both param-
eters affect the trackmg accuramy However, the runs made early in each

“pilot’s flight program, which show relatively large aim errors, were often also
the runs made at the shorter ranges. It appears that the pilota were learning
to esiimate the range and to arrange the test maneuver to av ;0id cioeging and that
this had morxe eifect on their aim errors than did practice in tracking. It will
be remembered that all the pilots who participated in the test program were
experienced in gunnery maneuvers. Even when allowance is made for the fact
that some of the points showing the larger errors in Figure 15 represent runs
made at the shorter ranges, it appears that some effect of learning is present.
A significant conclusion is t‘hﬁt the learning effect is much less pronounced for
the éirplarze with the heavily damped Dutch roll than it is for the more lightly
damped"ai‘rpliane. In other words, the pilot could do well with the damped air-
plane the first time, while he requiréd recent practice to do well with the
lighily damped airpla.ne,‘ and,as shown graphically in Figure 15, never did do
as well as he could with the more heavily damped airplane.

The effect of range on tracking performance is not unexpected and has been '

shown before in other studics of tracking, such as Reference 4. A given rate of
change of linear position of the target airplane with respect to the sight line of
the tracking airplane will produce a inore rapid change in the angular error at
short range than at long range. The tracking pilot then makes more rapid cor-
rections, which are more likely to result in larger errors. It is also pnssiblé

that the pilots would accept a certain amount of linear aim error as tolerable.

22
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Again, at short ran.getsv, this would permit larger angular tracking errors.’
However, when queried on this point, the pilots stated that at short rauges they

"‘*‘pzcked a point onthe target airplane to use as a target, and that they were not

satisfied to let the pipper move around on the target airplane. Another posu-

" ble cause for increasing errors at short ranges may be an increase in excite-

ment as the target is neared, leading to ovt.rcor*ecting and larger errors.
Averagmg the rms-error for all the runs for.a given conﬁguratzon would

weight the short ‘range points unduly and produce a misleading figure for the

average. An average figure of a sort, for comparing the effects of various

‘amounts of damping, was obtained bﬁ conndering only the points cccurrmg at

,ranges large enough to make the effect of range relatively unimportant. This

range ‘was determined: by inspection of Figures 16, 17 and 18. It can be seen
that the aim error decreased rapidly as the range increased and then started to
level off and be relatwely unaffected by further increases in range. The

‘Meritical" range varied from figure to figure. It is suspected that the variation

was not caused by fundamental variations in. critical" range from pilot to pilot,

‘but was due to the relatively small quantity of data and to the fact that the

"eritical'' range was determined by eye in Figures 16, 17 and 18,

‘The. values of the "critical" range which were used are shown on Fig"ures
16, 17 and 18. Although the average values of the rms aim error varied from
pilot to pilot, the effect of altering the dampmg of the Dutch roll was similar
for each of them, Damping the Dutch roll cut the values of the rms aim error
to about two- thirds that of the normal a,1rp1ane, but the difference in aim error
between the various amounts of damping was too small to have statistical

significance. Whether the damping was linear or non-linear also appeared to

make no significant difference in the rms aim error. At shorter ranges, the

large aim errors for pxlots ‘B and C (F1gures 17 and 18) tend to occur with the
normal airplane or with 30% critical damping of the Dutch roll, while heavier
damping, even at the same range, seems toc produce smaller aim errors. This

was not true for pilot A, where the 1arger aim errors associated with short

‘ranges were about the same rt‘gardless of the dampmg, or whethbr the damiping

was linear or ncn-lmear

bt
i

It will be remembered that the above die’cuésicn‘apphed to data taken frbm,
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' the time the target airplane started ita turn until it rolled out of the turn or
until the run was broken off, whichever occurred first. The aim error da.ta.
for the straight and level stern chase part of the maneuver was not mcluded

because, as shown in Figure 19, there was no ducernible effect of either range. *

or damping on the aim errors. Most of the points for Figure 19 show a very
gma.l. aim error (about one mil) and it is suspected that errors this small may
‘repreaent the errors due to resolution of the pilat and gunsight.

_ Mean gim error vs iange is shown in Figures 20, 21 and 22. - Neither raLnge
nor damping had much eifect on the mean errors, except that pilot B showed
aéthe*vh;t higher mean errors for the normal airplane than for the airplane

with added damping. It is not surprising ﬁhat the mean aim error does not de-
pend on the damping of the Dutch roll; if %he nose is moving back and forth
. across the target, the pilot would tend to keep the average, or mean, of the
cacillation on the target, and wait for tt?&e motion to damp out. The yaw damper
simply makes the motion damp out soorier. The mean errors were generally
small except that pilot B, Figure 21, showed a number cf runs with quite appre-
"ciable mean errors (3 to 6 mils). ‘

PITCH AIM ERRORS

Projection of the tracking films showed quite a notiéea;ble\ pitch oscillation,

with a frequency very nearly that of the ya.wing oscillation, Normally, of
courge, the pitching motion is considered independent of the lateral and direc-
tional motion for small disturbances such as occur in the tracking maneuver.
It was suspected, however, that suppresaion of the La.teral-directionil, or
Dutch roll, oscillation might lead to smaller pit'ch ai%n‘errors. due either to a
coupling of the two modes of motion or to coupling through the pilot, The
iatter coupling Eould conceivably have occurred because suppression of the
Dutch roll would leave the pilot free to apply more effort to the pitching motion.
‘(Pilot A commented that he felt that thia appeared to be the case). Presumably
the pitching oscillation would show up more if the yawmg oscillation were not

present and this might make the pilot put more effort into damping the pitch
1 oscillation than he would when the pitch oscillation was masked by the yawing
oscillation, |
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Rms pitch aim error for the turn maneuver iz shown in Figures 23, 24

) and 25. Damping the lateral motion had no effect on the pitch aim errors. o

This result is consistent with the usual separation of the lateral and longitudi-
nal modes of motion, but is rather surprising in view of the pilots' comments.
No further investigation of this point was made, since it did not seem to be

relevant to.the problem in hand.

PILOT OPINIONS

Tables V, VI, and VII summarize the opinions of the pilots concerning the i

suitability of the airplane for tracking. The comments were made in flight,

- during or immediately after each run. All of the available pilot comments are
included in the tables. The comments were occasionaily summarized, but the -

,jp1lot's wordmg was retamed

There were occasional mcons1stenc1es in the pilot 8 remarks. For exam-

il

'ple, a given amount of damping of the Dutch rcll might be rated good on one try.

-and mediocre on another. The inconsistencies were the exception rather than

the rule. Pilot comments on roughness of the air and whether they hit the target

airplane's jet wash are noted directly on Figures 14 15 and 16.

The most noticeable characteristic of the pilot comments is the discrim-
ination between runs with various amounte of added damping. The difference
between 30%, 70% and 100% critical damping of the Dutch roll was apparently |
quite clear/to the pilots although the quantitative aim errors of Figures 16, ‘
and 18 do not show a very marked difference. The comments would lead one
to expect »more difference between the normal airplane and the damped airplane
than shows in Figures 16, 17 and 18,

When fuel wag available after the tracking runs were “:0 wpleted, the pilots
were a.sked to make whatever maneuvers they pleased which would help them to
notice ,whether there was any difference between the settings for lirear and non- *
linear operation at 70% critical damping. The pilots did not know which of the
two settings was linear and which was non-linear, but they did know that the
damping was the same for the two éettings. The comments éoncerning these
comparisons are included in Tables V, VI and VII. In general, the pilots could

not see much difference in the behavior of the airplane between linear and non-
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linear operatibn, but, given the choice they would usually pick the non-linear

operation. The oscillograph records showed that the sideslip a.ngles' encoun-
tered in tracking were small and that the system frequently was not called upon
to become non-linear in the runs when it was set for non-linear operation. The
runs in which this was noticed to be the case are marked in the tables. Fur-

K\
thermore, runs for which oscillograph records were not available to determine *

whether the yaw "d.amper became non-linear are also marked. The serious

‘effect of the small aim errors on the difference between linear and non-linéar )
‘operation of the yaw damper is discussed later, and must be kept in mind when

considering the pilot's comments on the subject.
It will be remembered that each pilot made one flight in which no target
airplane was used, to allow him to make a qualitative assessment of the effect

- of the various amounts of damping of the Dutch roil on the utili’ty\ of the airplane

as a fighter.. The comments made on these flights are identified as such in the
tables. They agreed with the comments made during the tracking flights.
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DlSCUSSION OF TEST TECHNIQUES
IN THE LIGHT OF THE ANALYZED DATA

In designing a test to measure some aspects of the tracking performance
of a cbmbat airplane, several courses are open to the experimenter, ‘One
course is to détermine all of the relevant factors in the problem, mauke tests
under the particular conditions which best bring out the effect of each factor,
then synthesize the results into a complete pi'cture of the tracking maneuver.
Such a test technique presuppoées knowledge of what the factors affecting the
problem are, and of the way in which they are interrelated. At the other
extreme, the tests may be made in actual combat uuch a statement may.
sound ill considered, but reflection will show that & good deal of experimenta-
tion goes on in combat conditibns New devices- or, techmques are concocted
and the promising ones are given a try. Since the object of combat is to wm,
clearly only the optimum thing is tried. One would not knowingly try good,
bad and indifferent variations merely to see what effect the variations had on
the outcome of the combat. Even so, the effect of variations in technique and
equipment can be determined as new and better variations supplant the old
‘ones. Furthermore, even in combat a good deal of informatwn is gathered
which is most valuable, although gathering the information is not done to
directly affect the outcome of the particular combat action. An example is
combat gun camera film, which is useful in the pi'oblem under examination
here. , " , : |

. The limitations of ex’perimentation' in combat, including the very fortunate
one that combat conditions are not usually available, lead to tests done in
simﬁlated combat. Again, a choice in the philosophy of the tesia is opcﬁ to the
experimenter. The tests can be designed to simulate combat as closely as
possitle, with careful separation of the variables in the test made subordinate
to the requirements of realism. When this is done, statistical techniques may

‘be used to separate the effect of the variables. Statistical techniques imply

quantities of data, which usually require extensive tests to secure.

On the other hand, the experimenter can endeavor to s0ri out which
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. variables he can manipulate without prejudice to the realism of the tests and
orginiie his tests to show the effect of these variables, leaving an unknown
number of variables to be taken care of by aimulating as closely as possible
the actual operating conditions, i.e., combat. Tests of this type involviné
limited simulation of the actual operating conditions are widely used in
engineering. It is usually poasible to control the major variables and still
provide sufﬁcientiy gdod simulation to take care of numerous other variables
which might be hard to account for otherwise. This reduces the number of
rung required compared to a purely statistical analysis of an experiment with
full simulation. ‘, | | | " "
” A test technique of the limited simulation type was selected for the te“s‘ts :
described in this report. Other investigations of various aspects of the track-
. iri‘g problem have also used this technique. In this case, a tracking maneuver
which combat operationéhad shown to be useful and typical was formalized to
make the maneuver repeatable, thus eliminating variations in the tracking
maneuver from the problem, Some simulation of combat was retained iﬁ that
the tracking pilot did not know precisely when or in what direction the target‘.
pilot would tnake his turn. Most of the runs were made in smooth air, to
eliminate the effect of variations in air turbulence from run to run, - Some
- runs were purposely made in rough air to see how much air turbulence affected
the tracking performance of the airplane and pilot. The range was supposed
to be held constant at a vaiue typical of successful combat cperations, and
variations in range were taken into account in presenting the data. The order
_in which the various damping configurations were piesented to the pilot for
evaluation was made non-systematic in a given flight and was varied from
flight to flight. The effects of learning were considered in analyzing the data,
In short, an effort was made to allow explicitly for every way in which the
tests were modified from an actual combat operation. Two known factors were
not allowed for. One was the excitement and surprise of combat; the other was
the knowledge on the part of the pilot that in combat he is a target as well as a
tracker. It is undoubtedly true that pilots can concentrate on tracking much
" more effectively in practice and test runs than they can in combat.

In spite of the care which was taken iu the design and conduct of the tests,
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it seems clear that thére-is something wrong, and this ie true of all the track- .
ing tests which have come to the attention of the authors, First, the aim
errors which were found in the tesis were too amall compared to airr BIrrOrs
measured from combat gun camera film, Second, the numerical resulta which
purport to show the effect of the damping of the Dutch roll on the tracking
performance do not agree well with the opinion of ‘the pilots on the subject.

The rms aim errors were of the order of 2 to 6 mils with occasional runs
with higher errors, while combat films of Referénce 5 showeg!( rms aim errors
‘of the order of 17 mils. If the difference between the test tramc':jki'n'g errors and
combat tracki\ilné errors had been small,it would have been reasonable to infer
that di£fer,enc§‘§s in tracking performance shown in the tests would also show up
in combat, H&owever, the factors affecting large errors may well be different
from the factors affecting small errors. The-small errors may be small
enough to lie within the rapnge where resolution difficulties appear, both techni-
cal (the ability of the pilot ““-to perceive and correct for emall errors) and
psychological (perhaps the pilot says, "So there's an error! It's too small to
bother about. '), It is likely that the pilots can devote more of their attention
to tracking in tests.than in combat, and this may account, at least in part, for
the smaller errors. This "attention factor'" may have a profound effect on the
tracking performance, and may produce results which bear little resemblance
to what might be experienced in combat. This point will be dealt wzth later.

Finally, the sma.ll tracking errors practlcally mvahda.te a compa.rison of
linear and non-linear operation of the yaw damper. It will be remembered that
the non-linear yaw dainper varied the damping of the Dutch roll as a function of
éideslip, or lateral acceleratio n, If the rms aim error is small, the gsideslip
which is characteristic of the Dutch roll will also be small, and the difference
between linear and non-linear yé.w dampers becomes small or even nonexistenf.
It wiil be rernembered that in some runs the sideslip remained so small that
the yaw damper never became non-linear, although it was set for non-linear .
operation. Furthermore, the difference in the effect on the airplane's motion
of the linear and non;linear yaw dampers becomes less noticeable for small
errors, further distorting the results of the tests. Conasider the case of a

disturbance of the airplane away from the target. With a non-linear yaw
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damper,  the airplane ‘reiurns toward the target at some angular ‘rate which

~ becomes smaller as the target is approached. With a linear yaw damper set
to provide the same amount of damping that the non-linear yaw damper applied

near zero error, the rate of return would be slower.
However, even at a relatively slow rate, the amount of time required for
the nose to traverse a small angular error might be small simply because it

_did not have far to go. The time during which the nose was away from the

target might be short énough to be acceptable to the pilot. In contrast, a large
disturbance migh{:“make the difference in "time off té.rget" between linear and

- non-linear operation become quite important to the pilot. Since the errors in

thene tracking tests were small compared to errors measured in combat, it

is not possible to tell ‘whether the non-linear feature of the yaw damper would
bq%uaeful in combat. The tests neither prove nor disprove it; they are simply
silent on the subject because they did not adequately cover the necessary con-

‘ d1t1ons, specifically, dxsturbancea comparable in size to those measured in

combat operationas. 4
' It can be seen, ﬁhen_, that the fact the aim errors were small compared

to combat aim errors casts doubt on the validity of the test results for several

~ known reasons. The fact that the reason for the small errors is not positively

known is another source of worry as to how well the test results can be carried
over to combat conditions. to

The disagreement between numerical measures of the tracking performance

of an airplane and pilot opinion as to its suitgbil‘ity as a tracking airplane has |
-been noted in other tests as well as in the tests 'reported here. As the damping

of the Dutch roll is decreased the pilots rate the airplane as less and less suit-
able for tracking, and furthermore, can notice quite small changes in the damp-
ing of the airplane. The numerical results show little change in the tracking
perfdrmance when the damping is decreased. For example, the comnments of
pilot C (Table VII)V show quite a consiatent variation in his impression of his
ability to stay on the targefﬁag the Dutch roll damping of the airplane is varied.
Measurements of his tracking érrors, taken in the same runs during which his
comments were collected, are plotted in Figure 18, and show little variation in
his actL=1 performance of that task, Presumubly, what happens is that the
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pilot éupplies added éamping through his controls as the damping of the airplane

© is decreased. In other worus, he works harder and is able to keep his tracking

ascore from determratmg The pilots, however, do not report merely that they
had to work harder They report that they had to work harder and that there-
fore the a.ir;glamg was not ag good for tracking as the Dutch roll dampmg de-
creased. It ie believed, and this is borane out in conversations with the p1lots,
that they are takmg into account the fact that thexr attention may be distracted
in combat, and they are in this way putting back into the tests an important
factor which was left out. Therefore, it would be a mistake to concentrate on
the numei;ical results of these tests fo the exclﬁsion of the pilot opinion data. -
The yaw damper, which changed the damping of the Dutch roll and made it
non-linear when desired, \operated smoothly and reliably and did not alter other
characteristics of the a1rp}ane. The pilots were not confronted with peculiar
rudder pedal forces, for e:ca.mple, which would have required conscmus effort
to ignore when rating the effects of varying the damping of the Dutch roll. Ex-

‘perience with tests in which variable stability equipment did produce undesirable

side effects indicated that it is worth going to considerable trouble to make the
test system free of side effects. As pointed out above, the job of evaluating
tracking test results is inherently difficult enough without adding uncertainties
over how much some side effects of the equipmé‘nt have influenced the results.
The pilots mentioned this same point.

To summarize, these tests were conducted in what has become a fairly
standard manner. It is believed that, in some manner not presently understood,
the test technique negiects several factors which are important in tracking, and
that the results of the tests are therefore not as conclusive as one woul’ci'desire.

The fact that some factors are missing distorts the relationship between several

factors which were accounted for, leading to conclusions which may be incorreét.

It 18 believed that what is needed is a more basic study of the tracking problem
aimed at producing a test technique which will account for all the important

variables. The problem is two-headed; first the variables must be identified,

and, second, ways of including them in the tests must be developed.
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CONCLUSIONS

Tracking aim errors were reduced to about two-thirds the value experienced

with the normal airplane by incfea,sing the damping of the Dutch roll to about

' 70% critical damping.

Increasmg the damping of the Dutch roll from 70% to 100% critical damping

" did not appreciably reduce the tracking errors.

Makmg the damping- non-linear did not- materially reduce the tracking errors,
although the pilots showed some preference for the non-linear damping.

However, the difference between 1ingé.r and nen-linear damping would hardly

be expected to be noticed for the small tracking aim errors measured in

these tests. . )

The tracki.“ng .aim errors measuréd in these tests were only about one-fifth
of tracking errors measured m combat. It is suspected that the gmallness
of the errors exerted a profound influence on the results of the tests and that

the results must be used with caution.

The tracking aim errors do not vary as much thh damping of the. Dutch roli

motion as pilot comments, made during the tracking run, would lead one to
expect. It is believed that the discrepancy is significant. It is suspected
that the‘gilots may be ‘allowing, in their opinions, for the possibility that
the tension and distraction of combat may not permit them to concentrate
upon tracking as much as they did in these tests. The freedom to concen-
trate presumably helped to produce gdod scores in the tests regardless of
the damping of the Dutch roll motion of the airplane.

Use of a test vehicle in which the means for varying the desired character-
istics produces the minimum of side effects is important in tracking tests.
The installation in the airplane used for these tests was singularly free from
such undesired side effects. The pilots stated that the simulated normal.
airpla.ne felt almost identical to the actual normal airplane. The problem
of trackmg appears tc be sufficiently complicated to make it 1mpnrt=nt that

side effects aré not present so they will not affect the main results.
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APPENDIX 1

” t

Theoretical Analysis _ - “ 'E
A theoretical analyais was made of the behavior of the airplane with the { i : i
non-linear yaw damper and had three objectives: : : IR i

1. Choose a suitable type of non-linearity. o ‘ ! { \
Z. Determine the sensitivities and other system characts vistics necessary il
to produce the desired response.

i m———aan
[P,

3. Determine the effect on the motion of the airplané of variations in
operating conditions to provide a basis for designing a system which
would take these variations into account. o
The plan used in the theoretical analysis is outlined below. Each step will
be discussed more completely in subsequent paragraphs.

et
US—

e

1. Assumptions were made of the flight conditions (Mach number and
altitude; which were of interest, and of the general method of achieving ,

the deairedwnonwlineearity. The latter assumption was based on experi- o
ence gained in previous phases of the project in which a non-linear yaw
damper for an F4U airplane was designed, built and operated.

¢ N
.
res———

‘2. The equations of motion of the aivplane were set up to include the yaw
damper, allowing for inputs from gusts and rudder motion and for the
effects of servo dynamics.

o~

I

3. Stability derivatives based on wind tunnel and flight tests were obtalued I R
from North American Aviation (References 6 and 7) and selected NACA "
reports. . ' ' \ g
- 4, With the aséumption of a single degree of freedom system (no roll, no <
 lateral displacement) the damping of the yawing motion of the airplane .
was computed. The darhping of the yawing moﬁion was also computed j_
for the case of a perfect yaw damper with ane value of sensitivity, .
5. At operating conditions covering the extremes of likely operations of :

the airplane, analog computer investigation of various damping schemes
was carried out. Both yaw rate and rate of change of si&eahp were
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considered as inputs to a linear system and the response of the air-
plane to disturbances in control ,mg;idn and sideslip as well as unsym-
metrical gﬁats was determined. The object of this set of computations
was to select the best of several possible schemes for providing the
damping.
6. In producing the“nop-linearity in the yaw damper, either lateral ac-

celeration (n ) or sideslip (’7.% = B.) could be used. Analog
«-computations were marle of the response of the airplane with each of .
these quantities used ab the input, to determine if Ny , the simplexr
of the two quantities to measure, would be satigfactory, orif a q
dividing circuit would have to be provided to furnish a signal of the

- form of ”y/g_ or approximately /3. ‘

7. Analog computations were made of the response of the airplane to step
aileron deﬂeqtions.using rudder to neutralize the disturbing yawing
moment due to aileron deflection. ... o 4 ‘

8. Tha cgzm'putationé"outlined above were made for the case of a perfect"
servo in the yaw damper and for the case of 2 servo with an assumed
first oxrder lag.

9. An analog computer study was made to show how variations in the
servo dynamics a_ffected the motion of the servo controlled a.irplane.
The purpose of these calculations was to determine the requirements
the servo system would have to meet. :

EQUATIONS OF MOTION

Thé equations of motion which were used in the analog computations are
given in Table A-I. The symbols are defined in Table A-II. It will be noticed
that the inclination of the principal axes was taken intc account, The cross
coupliﬁg effect due to the inclination of the sensitive axis of the yaw rate gyro
with respect to the airplane's flight path was also included.

Many of the analog compu,tationb were made for the trim tab system in
which the servo mioved the rudder indirectly by means of the trim tab. Many
of the results could be carried over directly to the case of the ""rudder' gystem,
ir which the serve drove the rudder directly. 'I'be important thing was that the .

a5
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rudder was moved in some prescribed fashion, and whether the servo moved
~ the rudder directly or by means of the trim tab,had no effect on the motion of
the airplane. ‘ i s
- The inputs used to disturb the airplane were:
1, Pulsesin aileron motion, to represent a disturbance l.pplied by the
pilot.
‘2. Steps in sideslip, to represent a lateral gust. \

3. A change in sideslip with a structure as ‘shown below, to represent a
more gradual gust than in (2) above.

Bsusr.

+8t -1

TINE-SEC

4. An applied/rolling acceleration to represent an unsymmetrical vertical
gust. ‘ | oo

When a yaw rate sensing device is used as the signal sourcs for & yaw
damper, some scheme must be devised to prevent it {rom opposing a turn which |
is desired by the pilot. One scheme 1nvestlgated‘£or this yaw di,mpor was to
pass the signals from the yaw rate gyro through a filter which rejected steady
or very low frequency signals but passed the higher frequency signals due to the
motion in the Dutch roli or the response of the airplane to gusts, The effect of
this filter upon the motion of the servo controlled airplane is accounted for in
equation (5b) . ' |

Another scheme investigated was one in which the rudder was moved pro§0r~

tional to the difference between yaw rate and a function of bank angle. The idea

was that 2 rate of turn desired by the pilot would siways be accompanied by a
36
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1

bank a.ngfle determined by the ;;a“te of turn and true a.irspveed, Th‘érefore, a
yaw rate accompanied by the proper bank angle meant that the pilot wanted this
condition,and the yaw damper did .not oppose the turn, while a yaw rate not ac-

companied by the pi-oper bank angle caused the yaw damper to operate the rud- :

der to decrease the yaw rate. The mathematical method for handling this
scheme is given in equation (6). ’
Thé dynamics of the servo are included in equation (7).

1
1
i

.COMPAﬁISON CF YAW“RATE VS. RATE CHANGE OF SIDESLIP SENSIRG
'I;wo qua.ntitiea which might be used as the primary signa.l"for a yaw &amf:er

are v/aw rate and raie of change of sideslip. - Each has specific advantages. In
the iateral directional oscillation, or Dutch roll, the two quantities amount to

}p.bc;ut the same thing as far as providinn a signa.l to a yaw damper is concerned.:

In a steady turn. a yaw rate sensing device puts ont a signal to move the rudder
to dec;ease the yaw rate, or in other word‘s, to stop the turn. vath'e pilot wa,nts

to make a turn he must either overpower the servo to prevent it from moving

the rudder to stop the turn, or some scheme must be provided to discriminate
between the unw .nted motion of the Dutch roll and the motion desired by the

- pilot. A signal proportional to rate of change of sideslip does not oppose a

steady turn since sideslip should not exist in a turn, as yaw rate does, " ao no-
schemes to correct for this effect need to be considered. However, if the a.ir-k
plane encounters a gu?t with a component producing some sideslip ‘{and such
gusts are comumnon) the device sensing rate of change of sideslip will move the -
rudder to reduce this rate, which will have the effect of making the“a,irplane"
turn into the gust. If the pilot is trying to track a target in rough air it will be
detrimental to have the yaw damper attempting to turn the airplane aWay from
the target to héad it into every gust, Therefore, :y’a'w rate was used as ”the pri-
mary signal for damping the Dutch roll, and means were provided to suppress
the signals due to yaw rate desired by the pilot.

Beth schemes for ¢liminuiing the tendency of the yaw damper to oppoze the
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pilot ina turn ‘worked satisfactorily as far aa the a.m\log calculatiane showed.
The filter was a simpler solution than measuring bank angle and generating
the necessary function of bank nngle 80, since both uchemen appeared to be
satisfzctory, the former was chosen. /

The dynamic requirements which the servo wouid have to meet in order
for it to move the rudder properly were determined by varying the servo ;
natural frequency in equation {7), and notic!\ng how low the natural frequeucy ‘
could be made before the response of the airplane began to be appreciably af- |
fected A natural frequency of about 10 cps was found to be necessary for a
servo with 70% critical damping. This damping is the damping of the servo
loop itself, npt the da.mplng of the Dutch roll motion of the airplane. The
10 cps na.tura.l frequency requirement ‘seems rather severe, in view of the
fact that the natural frequency of the airph.ne Dutch roll oscillation is only
about } to 1 cps. ' The more severe requirement is explained by the assump-
tion that the piiot may demand more repid motion in response to his rudder
pedal fqréee, and that the non-l:lnea_r;f operation of the yaw dampexr requires a
rudder motion which includes frequency componenta which are higher than the
frequency of the oscillation of the airplane, A linecar yaw dr,mper; of course,
would require rudder motion only of the frequeney of the motion being damped;
| however. the servo natural frequene‘y would still have to be considerably higher
than that of the moticn to be damped to provide the required minimum phase lag.

The calculated response of the airplane to step a..ileroﬁ motions showed that
the airplane motion was affected by the ;rawing moment due to aileron deflection.
The amount of rudder motien proportional to aileron motion necessary to cancel
the yaw due to aileron motien was found by cut and try method- on the analog
‘computer. " The ratio of rudder to aileron motlon was varied until the amount
producing minimum lateral acceleration was found.

When lateral acceleration instead of sideslip ( Ny instead of 7y /g
where /7y /‘,’7 = B ) was used to produce the non-linear function which modified
the yaw rate signal, the analog computations showed that the motion of the air-
plane was not what was desired. The damping of the Dutch roll varied too much
with dynamic pressure.\ Therefore, the additional complication of dividing the
lateral acceleration by the dynammic pressure was accepted as neces sery.
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SUMMARY OF EXPERIENCE OF PILOTS

FiLOT A

TOTAL TINME 2200
FIGHTER TIME 1800
INSTRUMENT TIME 130
FLIGHT TESY TIME 400
TRACKING EXPERIENCE (missions) 150
ENGINEERING EDUCATION NONE
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TABLE V¥

PILOT COMMENTS -

PILOT A

SETTING
NORMAL 49-1 0SC. NOTICE-  49-3 QUITE A BIT OF 4B-1 CSC, NOTICE- 3
KNOMWY ABLE BUT SLIGHT, YA® OSC. ABLE BUT CONTROL- [
PROMPT RESPONSE TO LABLE., HARD TO STOP 3
RUDDER PEDAL. 0SC. ON TARGET.
GOOD RESPONSE TO
RUDDER. 3
ACCEPTABLE + ACCEPTABLE GOOD. —
NORMAL 53-2 YAW 0SC. NO- §2-2 NOT STIFF 52- 10 0SC. EXCES- 44-2 FAIRLY STIFF 44-9 VERY POOR. TOO
NOT TICEABLE BUT CON- ENOUGH IN YAW, RUD- SIVE. NOT STIFF [N IN YAW, EASY To MUCH OVERSHOOT.
TROLLABLE., NOT DER FORCES ABOUT YAW, RESPONSE MOVE NOSE TO NEW -
KNOWN STIFF ENOUGH, OVER- RIGKT. TURN ENTRY (FORCE?) A L|ITTLE POSITION TUT TOO
SHOOTS. RUDDER BELOW AVERAGE. HEAVY, MUCH OVERSHOOT.
FORCES GOOD, LIGHT-
ER THAN NORMAL ACCEPTABLE UNACCEPTABLE +
NORMAL 49.6 0SC. OBJEC-
TIONABLE, FORCES
SIMULATED 600D,
UNACCEP TABLE
53-1 YAWING OSC. 53.7 YAw 0ScC. NOT 53-9 0SC. NOTICE- 53-10 05C. NOT NO- 52-1 NOT STIFF
20% NOT NOTICEABLE, BUT NOTICEABLE, STIFF IN ABLE CONTROLLABLE, TICEABLE. FORCES ENOUGH IN YAW,
NOT STIFF ENOUGH. YA¥, RUDDER FORCES NOT STIFF ENOUGH. GOOD, STIFF IN
LINEAR RUDDER FORCES GOOD. GOOD. MAYBE LIGHT, RUDDER FORCES GOOD., VYAw,
TRIED TO GIVE ToC
MUCH RUDDER.,
ACCEPTABLE (GOOD ACCEPTABLE GOOD + ACCEPTABLE GoOOD ACCEPTABLE (00D 4 ACCEPTABLE +
53-3 Yaw NOTICE- 83.5 YAW osc. 52-3 0S5C. NOT NO- 52.6 0SC. NOT NO- 49.2 0SC. NOT NO-
ABLE BUT CONTROL- NOTiCEASLE BUT CON. TICEABLE, STIFF IN TICEABLE, STIFF IN TICEABLE, RESPONSE
70% LABLE. RUDDER TROLLABLE. RUDDER  YAW, RUDDER FORCES  YAW, FORCES 600D, SLIGHTLY SLUGGISH.
LINEAR FORCES LIGHT Al!R- FORCE GooD, MoT YIRY GOOD. ENTRY GOGD. FORCES A LITTLE
PLANE STIFF IN STIFF ENOUGH. HIGH.
YAW,
ACCEPTABLE GOOD -  ACCEPTABLE GOOD 0P TIMUM OP TIMUM ACCEPTABLE (00D
70% y/53-4 YAW 0SC.NOT v’53-6 As {53.4) & v/53-8 YAW 0SC.NO- & 52.4 0sc. No- y/52-8 0SC. NOTICE-
NOTICEABLE. RUD- STIFF IN YAW, TICEABLE, WELL CON- TICEABLE., NOT ABLE: NOT STYIFF
NOM - DER FORCES GOOD. TROLLED. FORCES STIFF ENOUGH, FOR- ENOUGH. RESPONSE TOO
LINEAR GooD. NOT STIFF CES TOO LIGHT. ABRUPT, FORCES GOOD.
ENOUGH.,
ACCEPTABLE GOOD 4 ACCEPTABLE (0OD ACCEPTABLE (00D ACCEPTABLE - ACCEPTABLE +
X §2.5 osc. wNov v/ 52-7 osc. NoT No- /49.3 osc. NoOT 44.3 WELL DAMPED X 45-5 VERY G0OOD ON
NOTICEABLE, : .iFfF TICEABLE. RUDDER NOTICEABLE, MUCH PROMPT RESPONSE. TARGET, RUDDER FOR-
100% IN YAW, FORCES RESPONSE DELAYED, LESS THAN NORMAL CES TOO HIGH.
NON - 500D, ENTRY, RE- FORCES GOOD. TRACK- AIRPLANE, RESPONSE
COVERY NOT Y00 ING GOUD BUT DID NOT SLUGGISH, FORCES
LINEAR GOGD. FEEL A5 GOOD AS H1GH.

ACCEPTABLE GOOD

52-5 {70% LINEAR),
ACCEPTABLE GOOU

ACCEPTABLE

§3. AT 10,000 FfT,

NO OVERSHOOT.

WADC-TR-55-223

AT 25.000 FT. COULD

COULD NOTICE DIFFERENCE BETWEEN LINEAR
AND HONaL INEAR:
HAS FAST RESPONSE NO OVERSHOOT,

NOT. NON-LINEAR

LINEAR SLOW RESPONSE
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48, SERVOS OFF,
25C.

GET A VERY GOOD

SERVOS ON {70% LINEAR)

GET NONE AT ALL.
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TABLE V (contd.)

PILOT A

45-2 UNSATISFAC-
TORY

45-10 QUITE A BIT
OF YAW REQUIRES
CONSTANT CORREC-
TION. HARD TO
STAY ON TARGET.
FEELS LIKE NORMAL

LEGEND
Rated on Qualitative flight (no target)

Did not become non-linear

Became non-linear only slightly

No oscillograph record.

whether became non-linear.

Identifies Flight 64, Run 4

Could not tell

A{ RPL ANE,

52-9 0SC. VERY NO- 49.5 0SC. NOT NO- 43.9 BAD RE- 43.3 LIke {THIS 45-9 GOOD AS LONG
TICEABLE,NOT STIFF, TICEABLE, RESPONSE SPONSE GOOD BUT SETTING) VERY AS NOT DISTURBED,
FORCES 600D, RE- TO RUDDER IS 600D, TOO MUCH OVER- MUCH.

SPONSE GOOD BUT
TOO MUCH,

ACCEPTABLE -~

ACCEPTABLE (00D

SHOOT.

482 osc.
G0OD.

FORCES

43.7

EXCELLENT

44-5 FROMPT RE-
SPONSE, NO OVER-
SHOOT. THE BEST.
{PRECEDED BY 70%
NON-L INEAR).

44-6 VERY GOOD.
SAME COMMENTS AS
RUN 44-5, SAME
SETTING,

45.7 RUDDER FOR-
CES A LITTLE
HIGH.

V 49.4 osc. wor
NOTIiCEABLE. RE-
SPONSE TO PEDAL IS
PROMPT.

ACCEPTABLE +

43.6 BETTER
THAN 43-5, {(100%
NON=L INEAR) .

v 43.10 ResPonse
G00D. TENDENCY
TO OVERCONTROL.

X 44.4 weLL
DAMPED PROMPT
RESPONSE. LITTLE
BIT OF OVERSHOOT,

X 45-4 WELL
DAMPED, FORCES A
LITTLE HIGH.

X 45-8 BESY (CoN-
F1G.) TODAY. HOLDS
TARGET STEADILY,

X 45.-7 VERY EASY
TO TRACK, RUDDER
FORCES A LITTLE
HIGH.

WADC-TR-55-223
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PILOT COMMENTS - PILOT B

TABLE VI

8]

[Pv———

ETTING
NORMAL 61.1 LOT MORE DIFFICULT
KNOWN TO STAY OM TARGET (THAN
70% LINEAR)
NORMAL
$7. 10 DIFFICULTY GETTING 61.4 BETTER THAN 61.3 61-8 TROUBLE STAYING ON
nov DAMPED AND STAYING ON TARGET {(70% NON-LINEAR), 8UT TR'?1, PLUODEP 2ESMED SO LIGHT
KNOWM IN TURN. NOTICES OSCILLATION. | WAS YAWING BACK AND FORTH.
NORMAL
SIMULATED
s $7-9 PRETTY GOOD. 59.4 VERY SLIGHT YAWING. 59. 5 RUDDER FORCES STRONGER
LINEAR THAN {SAME SETTING. (59-4)).
70% %9.1 PRETTY GOOD, WELL 60-3 RESPONSE TO RUDDER 61.2 VERY GOOD, MUCH BETTER
LINEAR DAM®ED, STAYS RIGHT ON TAR. VERY GOOD. THAN NORMAL (61-1). RUDDER
GEY. RUDDER FORCES EX- FORCES GOOD.
TREMELY LIGHT,
708 / 57.-4 DEST SO0 FAR (30 AND / 57-8 BEST S0 FAR. (30, 59-2 DAMPING YERY GOOD. RUDDER
nowt = 70% LINEAR AND NORMAL PRE. 70% LINEAR, 100% NON~- FORCES LITTLE HIGHER (THAN 59.1
CEDED THIS RUN,) LINEAR AND NORMAL PRECEDED (70% LINEAR)).
LINEAR THIS RUN).
100% v 57-7 PRETTY GOOD. 59.3 FEELS PRETTY GOOD. 60.5 HOLDING TARGET SEEMED
o= RUDDER FORCES A LITTLE SIMPLE.
HEAVIER, DAMPING NOT AS
LINEAR FAST {AS 7C0%) (7). OvVER-
SHOOTS A LITTLE.
87. LIKE 70% NON-LINEAR BEST. 100% NON-LINEAR NOT MUCH DIFFERENT
FROM 70% NON-LINEAR. LIKED NON~LINEAR BETTER THAN LINEAR,
EASIER TO MOVE TO NEW POSITION,

70
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TABLE VI (contd.)

PILOT COMMENTS - PILOT B
LEGEND
Rated on Qualitaiive flight (no target)

X Did not become nun-linear,
61-10 Lousy. HARD TO €1-12 NoT so 6000. QUITE 13 . ;
DAMP YAW ON TARGET, DIF- A BIT OF YAW, BACK AND X Became nen-linea. an]y slxghtly
FICULT To GET BACK ON FORTH THROUGH TARGET AT . .
o oo RATE. v No osczﬁi:gffpb. .Cbuld not tell whether

61-4 Identifies Flight 61, Run 4

60-1 YO-YO BACK AND FORTH,
TROUBLE KEEPING 1T ON
TARGET.

61-7 VERY 600OD.
FINE.

FELT JusT

61.11 VERY Go0OD.

"X 60-4 FELT VERY GoOD.

X €60-8 NOT TOO BAD, WHEN
OFF TARGET, MARD TO PUT
BACK ON. (HAD TO MOVE EN-
TIRE AIRPLANE, NOT JUST
NOSE.

61.3 NOTICED OSCILLATION 61-6 NOT AS GOOD AS 61.5

60-7 DAMPING NOT VERY EF-.
FECTIVE. OSCILLATED
THROUGH TARGET., (ROUGH
AJR SHORT RANGE)

61.5 VERY G00O.

STAYING ON TARGEY., ALL (100% NON~L INEAR). RuD-.

OVER SKY. DER FORCES GOOO. SLIPPING
AND SLIDING BIT MORE THAN
USUAL.

61-9 NoT so GooD., Yo-Yo.

OVERSHOOTING (JET WASH)

59.
RESPONSE.
SAME AT LOW Spteg

COMPAR| SON OF LINEAR AND NON=LINEAR 70%:

{NON=L INEAR) SEEMS MORE DEFINITE
CAN'T NOTICE MUCH DIFFERENCE AT LOWER ALTITUDE,
{250 uPH),

BOTH APPEAR

WADC-TR-55-223
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‘ TABLE VI 4
g
PILOT COMMENTS - PILOT ¢ o
" 5n! !,
o _‘3 K
SETTING : - )
' . ) W K
HORMAML. 58-6 MUST FIGHT RuUDs 62.1 LOT OF OVERSHOOT, “! .
Ko DER ALL THE TIME, k . R N
— ; C
3 S e ) ) . " T 1
\ NORMAL 63-8 JuMPiER. HARD TO 64.2 SLOPPIER THAN €4.10 WORSE THAN 62+ 10 MORE JUMPY. H ¥
: noY SETTLE DOWN iIN YAW, 64-1 (30% LINEAR). (ANY. ADDED DAMPING). HARDER TO CONTROL Vo
i ’ PUDDER FORCES VERY RUDDER FORCES GOOD, QUITE A BIT HARDER (THAN ANY DAMPED CON- - ~%
. KNOWM LIGHT, HARD TO CONTROL HEAD- TO HOLD ON TARGLT, FIG, ). : :
- ING, | " YERY TOUCHY. VERY : NN §
. . LOOSE, S ir
3 jz ;‘ !
]  NORMAL s
! “ .
v SIMULATED " Yy
g 208 © 56-9 UNDER DAMPED - 58-1 QUITE GOOD. SOME  62.4 GOOD BUT LITTLE 62-8 HARDER TO SETTLE )
LINEAR QUITE A BIY OF 0SCIL- OSCILLATION. HARDER TO HOLD. LITTLE DOWN, NOTICEABLY MORE
LATION, JUMPY IN YAW, RUDDER JUMPY - THAN. 62.7 {70%} - I
4 o FORCES NICE AND LIGHT, - Ff -
| A 13% 58.8 NOT AS.GOOD AS $6. 3 AGCCEFrTABLE- GOOD, 62.2 VERY G0OD, 62-7 Goop. FORCES Lo B
| LEEAR 56-5 (100% NON=LINEAR). OSCILLATION BETTER DAMPED REAL FINE. "G00D, DAMPING EXCEL- r '
; ” ' . THAN 58.-1 (30%). : ENT. . .
— ok
! . '
f 708 X 564 GoooD . X 56-8 PART!CULARLY . X 58-4 WELL DAMPED €2-3 DAMPING GOOD, o
i HoN - GOOD. DEADBEAT, ! RUYDDER FORCES BETTER EASY TO HOLD TARGET, . :
i EASY TO CONTROL. i THAN 58.3 (70% LINEAR), RUDDER FORCES SLIGHTLY P S
LINEAR i DAMPING SAME, HIGHER, 5
. : : : -
? 1003 X 56.5 GOOD. SAMF AS 58- 5 VERY WELL. DAMPED, X 62-5 QuITE GOOD, . 62-9 DAMPING EXCELLENT, .l
| OO - 56. 4, {70% NON-LiNEAR) Likiz 58-4 {708 NoNe | VERY STEADY. " FORCES LITTLE HIGH,
S - ' ' N LINEAR), i i ' i -
§ LINEAR : el
: ¢ l‘( " t i .
i 4 " o i
W J.‘g K ‘I’ S i '
% ; : ' ! r
2 BE, ‘Lixeo 70%. lixEs woM_{IMESE.  MOT & STROMS $8. MESLIC, DIFFERENGE iR DAMPING BOTREEN =
i BENEFI T,  BUT NICE (56), ) - LINEAR AND NON=-LINEAR, RUDDER FOR(ES )
‘ 7 "LIGHTER WITH NON-LINEAR. ‘ o e
s , L
’ . y T
b v " . C
. ' it ’ # ' . . z “}‘
1 \ ‘ ; i ‘
! W v
I . . )
o N < ¥ i g i
' R [
: vy . , R 3 o
. H t
g
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TABLE VII (contd.)

PILOT COMMENTS - PILOT C

63-2 QUITE UNSTABLE
HARD TO WMAINTAIN ON
TARGET.
RUDDER FORCES.

(NICE) LIGHT

61-4

o~

LEGEND

Rated on Qualitative Flight (No target
to track).

Did not become non-linear.
Became non-linear only slightly.

No oscillograph; could not tell whether
became non-linear,

Ide; *ifies Flight 61, Run 4

63-3 HARD TO HOLD ON

TRACK, SLIGHTLY UN-

STABLE IN YAW, RUDDER
FORCES VERY LIGHT,

63-7 SLIGHTLY JUuMPY
BUT EASILY CONTROLLED
RUDDER LIGHT,

STEADY. LIGHT RUD.
DER FORCES,

64-1 VERY GooD, QUITE

64-9 NOTICEABLY MORE
DIFFICULT THAN (70 oRr
100% DAMPING). TOUCHY
RUDDER,

63.5 STEADY, EASY ToO
HOLD ON TARGET. RUD-
DER FORCES GOOD.

63-10 QUITE STEADY.
SETTLED DOWN QUITE
WELL. LIKE 63-9
(70% NON-LINEAR).

64.3 QUITE sGoor. RuD-
DER FORCES SLIGHTLY
HEAVY. VERY STEADY.

64.6 QUITE STEADY,
THIS AND 64-3 (ALSO
7C% LINEAR) .

I*TED BEST

X 62-6 VERY GOOD.
QUITE STEADY, EASY TO
HOLD ON TARGET,

V63.9 QuITE s EADY,
SETTLED DOWN QUITE
WELL.

\/ 63-4 STEADY, EASY
TO RANDLE.

V3.4 EXACTLY AS 64.3 vV 64.7 VERY GOOD,

{7L% LINEAR)

THAN 64-6, (70% LiN-
EAR)}. LIKES THIS
BETTER.

\/ 63.1 VERY GooOD,
VERY STEADY, FORCES
SLIGHTLY MiIGH.,

vV 64.5 Like 64.3.4
{(70% LINEAR AND NON-
LINEAR), MAYBRE

‘/ 63-6 EASY AND
SMOOTH, NO DIFFERENECE
FROM 63.5 LINEAR

/ 64-8 VERY GOOD,
TRIFLE STIFF BUT
STAYED ON TARGET,

(70%). SLIGHTLY STIFFER,
73
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Table A-I|
Equations of Motion

/ , Mo 1b /
L -
Sy Prgesing-TE fp e Gy 4
/ I pb 1 rob
- — B- — =+, — =
‘s [T Qﬁ Lt 2 " e LT 2V
lg b ] ]
-£ _— - — d + C —
(g 2V g LT 4 F e, TT %
/ 7 pb i pb
C, — Cp — == - =
8 z'f'r/é’F "o (.t 2V ( 2V
! rb 1 /
- - Iz g
Crp (.7 2V * Cg, (T % " (.7 %
K2 PO
r 2V
W, dy -a (ny/q,)7rb pb Ny
_— o -4 /
z 7 € 5y 05 (G4 2//5’”(“ 4/
< d, + K, d,
7 D A9
L+ 7,
Mo To _alnyfy)*[rh o)
KAaA--T_?‘ -;‘f e y/% /2—7 cos (a,-4 /—M— ,Ssind

+—a sin (o, - 4")/

CUn d_
D*+ 28w, rw> F
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Tabie A-Ili
List of Symbols

Sideslip angle

75

7 - Yaw rate
£ - Roll rate
¢ - Bank angle
V' - True airspeed along flight path
L - Wing span
¢ - Wing rrean aerodynamic chord
C, - Lift enefficient
m - Mass
/J = Density of atmosphere
S - Wing area
177
v pSY
V/ = Weight
 2Ce
4y 4 ﬂ
c - ac’,
8 40
c, - 4%
Y8 " 28
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~ . dcé’
% d (PS5,
. 4C),
C”’P d(pﬂ 2.
C dc_":’_.._.
- d("%yj
i,
C;7'.= dL/rb/ZV/"
.. 4G
s ;A
g a ‘@
acC
C, = — 4
Yy dd
dC
G, = —2
" A
2C,
C}J: d{f’.
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Table A-1l (cont’'d)

4" dd,
dc,
C”fp’ dd,.
. YA
He /o.S'b
. ALy
Y4 T ke
(, = 4_‘[L
¢ mb*
¢ =z if_z_z
£ mb*

7 ¢ = Moment of inertia about principal X axis

7 3 ~ Moment of inertia about principal £ axis

OCO = Inclination of gyro mounting axis with respect to relative wind axis

g - Dynamic pressure
44 - Aileron deflection

0‘; = Rudder deflection

7; - Time constant of filter for steady turn yaw alleviation

KA . 4/4‘ Gainyaw correction for aileron deflection

76
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